In order to provide the quantitative risk evaluation for 1,3-butadiene-expose, quantitative method using physiologically based pharmacokinetic model and dose-response model is applied to the carcinogenic risk evaluation for 1,3-butadiene-exposed workers. First, the internal dose of inhaled-1,3-butadiene in human beings is simulated by exposure related dose estimating model recommended by USEPA. Second, the internal dose is induced into calculating formula of carcinogenic risk. In order to determine the uncertainty of the cancer risk, Monte Carlo simulation is used to analyze the risk probability distribution. A large chemical enterprise in Tianjin is selected as the case study and carcinogenic risk evaluation for 1,3-butadiene-exposed workers is calculated. The results show that the cancer risk of 1,3-butadiene-exposed workers obviously exceeds 1×10 -4 the maximum acceptable risk level. It is necessary to take relevant measures to reduce risk.
Introduction
In recent years, as China's rapid industrial development, harmful factors of industrial production on human health increasingly have aroused widespread concern. As an important organic chemical material, 1,3-butadiene (BD) is widely used in synthetic rubber, synthetic resin, synthetic fibers, plasticizers and other petrochemicals and manufacturing industries. The international community is increasingly concerned about the carcinogenicity of 1,3 butadiene. Occupational epidemiology studies have shown that the carcinogenic risk of works suffering from 1,3-butadiene occupational exposure increased significantly. It is particularly important to assess the carcinogenic risk suffering from 1,3-butadiene occupational exposure.
In the normal production situation, most of the monitoring data of hazardous substances is below the occupational exposure limits, but some human definite carcinogen such as BD has carcinogenic effects on human even if in the condition of low concentration.
With development of the health risk assessment methods, the concept of the internal dose has been introduced into carcinogenic risk assessment. The internal dose is the exposure material quantity which remains in human body after absorption and transformation. More and more researchers apply physiologically based pharmacokinetic (PBPK) model into chemical dose -response evaluation studies [1] and use internal dose instead of exposure dose in the risk assessment, which is considered more convincing and accurate [2] [3] .
The human internal dose of chemical substances calculated by PBPK model relates to several complicated metabolism differential equations. In order to solve the complex PBPK model calculations, researchers often use program methods, and the calculation program is generally written in ACSL [4] [5] . Shi Jie et al. adopted the trichloroethylene PBPK model existing in Exposure Related Dose Estimating Model (ERDEM) to simulate human internal dose, which eliminated the need for complex programming. However, there is no research explaining how to self-build a PBPK model. This study elaborates for this problem, and introduces the internal dose simulated by this method into the carcinogenic risk calculation.
The research content and method are shown in Fig.  1 . Firstly, in ERDEM software, 1,3-butadiene internal dose is simulated by PBPK model which is built using metabolic parameters in the literature. Then, we substitute the internal dose in the multistage dose-response model to obtain the cancer risk. Finally, uncertainties in cancer risk assessment are analyzed by Monte Carlo simulation. Laboratory. The metabolism of toxic substances in the body can be simulated by choosing compartments and entering metabolic and physiological parameters. The database includes data of epidemiological investigations and toxicology experiment, and also includes approved PBPK models of many toxicant and its metabolites. ERDEM provides the flexibility either to use existing models and to build new PBPK models to address specific science questions. 
II. Running Process

1,3-Butadiene PBPK Modeling
The 1,3-butadiene exposure route considered in this paper is inhalation. When BD enters human body, it is metabolized to monoepoxide --1,2-epoxybutene, which will produce a variety of active metabolites. The metabolites can be conjugated with biological macromolecule, which results in changes of genetic material and inducing tumor [6] [7] [8] . The metabolic process of BD into 1,2-epoxybutene is the first step of the following metabolic process. According to related literature parameters [9] , this paper build 1,3-butadiene PBPK models of mouse and human, and compared with the experiment data.
Model includes six compartments, such as lung, blood, fat, liver, vessel-rich compartment and vessel-poor compartment. Metabolism to the monoepoxide is ascribed to the entire liver and is assumed to follow simple Michaelis-Menten kinetics. No further metabolism of epoxybutene is considered. S. Fustinoni et al. [10] pointed out when exposure concentration was low, the concentration of the BD which remained in human body after metabolism can be used as biomarker.
This paper use PBPK model to calculate BD blood concentration d, which is regarded as the internal dose of internal dose-response relation P(d). Parameters and PBPK model are respectively shown as Table 1 
IV. Verification of Simulation Results
In order to verify PBPK model simulation results, the mouse metabolic internal doses simulated by ERDEM software are compared with biological experimental data. Himmelstein et al. measured blood concentrations of 1,3-butadiene in mice exposed by nose-only inhalation to 62.5, 625, and 1,250 ppm 1,3-butadiene for 6 h. Steady-state blood concentrations of 1,3-butadiene were achieved by 2 h.
BD internal dose accord with the experimental data as shown in the Fig.4 , hence, PBPK model can predict and analyze the metabolism situation of BD in the body. However, there is no available 1,3-butadiene metabolic experimental data in human body, so human internal dose results are no further verified. 
Carcinogenic Risk Calculation
Dose response function of internal dose (d) to carcinogenic probability can be solved by several dose response model, such as probit model, logit model, weibull model, multi hit model, one hit, multistage model and so on, where multistage model is used most widely. USEPA indicate that multistage model should be recommended in the research of dose response relationship. According to the USEPA 1,3-butadiene risk assessment guideline [9] , this paper uses linear multistage model shown as follows:
(1) In latest health assessment of 1,3-butadiene [9] , Integrated Risk Information System (IRIS) point out that lots of epidemiological studies implicate BD is related to occupational contact crowd inducing Hodgkin's disease, leukemia, lymphosarcoma, lung cancer and so on. This paper attends to the calculation of occupational carcinogenic risk probability 1,3-butadiene. A 2-year chronic inhalation toxicity and carcinogenicity study on effects of 1,3-butadiene on B6C3F1 mice was conducted by National Toxicology Program (NTP). Based on tumor incidence of mouse and multistage model, carcinogenic probability function of 1,3-butadiene exposed workers is shown as follows:
where P(d) represents the lifetime risk (probability) of cancer at internal dose d, P(0)A represents background risk value of animal cancer, which is 0.12 obtained from experimental result, P(0)H=200 × 10 -6 represents background risk value of human cancer.
Uncertainty Analysis
In risk assessment, uncertainty which induces evaluation result cannot guarantee the reliability is always caused by randomicity of the objective world, our lack of knowledge and errors of evaluation method [12] .
Uncertainty of carcinogenic risk assessment in this paper is from the calculation of the internal dose and risk, which can be known from the research line. PBPK modeling in the calculation of the internal dose exists errors caused by animal experiment, and parameters also can cause uncertainties. Another uncertainty factor is interspecific differences and own errors of the dose response relationship in the process of carcinogenic risk calculation. These can affect the real risk reflection of calculation results in different degree, and induce uncertainties of the carcinogenic risk.
Monte Carlo Analysis (MCA) is one of the commonly used uncertainty analysis methods [13] , and applies probability method to analyze the uncertainty and risk assessment characterization. Monte Carlo simulation of cancer risk in this paper is operated by Crystal Ball, which analyzes the uncertainty from risk probability distribution.
Case Study
This method of carcinogenic risk assessment for 1,3-butadiene is applied into a large chemical enterprise in Tianjin. The concentration monitoring method of hazardous material in the air of workplaces complies with solvent desorption gas chromatography in determining 1,3-butadiene regulated in "Determination of alkenes in the air of workplace" (GBZ/T160.39-2007). Method of air sample collection complies with "Specifications of air sampling for hazardous substances monitoring in the workplace" (GBZ159-2004). Field monitoring is made on 1,3-budatiene concentration in the air of workplaces, and 112 samples are collected in three consecutive days. According to the measured data of BD, internal dose of 1,3-butadiene exposed workers are simulated by ERDEM software. BD blood concentration after in vivo metabolism is obtained by setting continuous exposure for 8 hours, and substituted in (2) of dose response relationship to get 1,3-butadiene carcinogenic risk value. Table 2 shows the mathematical statistics results of BD actual measured concentration and the simulatioin results of internal dose and carcinogenic risk. Finally, the uncertainty of carcinogenic risk is analyzed by Monte Carlo simulation. Fig. 5 and 6 respectively show the risk probability distribution and probability distribution obtained by Crystal ball software. The results show that the cancer risk of workers in this enterprise is 6.52×10 -4~1 .24×10 -3 , and the average value is 7.20×10 -4 .
Generally, the risk level of 1×10 -4 is used as maximum acceptable risk [14] . The risk values are all above 1×10 -4 according to the simulation results by Crystal ball, as shown in the Table 2 . 2) This research method of carcinogenic risk evaluation for 1,3-butadiene-exposed workers is applied in the case of a chemical enterprise in Tianjin. The result shows that occupational carcinogenic risk for BD exposed is higher than acceptable risk level of chemical enterprise, and it should adopt corresponding measures to reduce risk.
3) Although uncertainty is analyzed, PBPK model, parameters and experimental research related in dose-response relationship are cited from literature data which is mostly foreign. These cause variety of uncertainties, and in order to more conform to reality using localization data in the research is the main problems for further investigation.
